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PHOTODETECTION ELEMENT INCLUDING
PHOTOELECTRIC CONVERSION
STRUCTURE AND AVALANCHE
STRUCTURE

CROSS-REFERENCE OF RELATED
APPLICATIONS

This application 1s a Continuation of U.S. patent appli-
cation Ser. No. 15/993,552, filed on May 30, 2018, which
claims the benefit of Japanese Application No. 2017-

123210, filed on Jun. 23, 2017, the entire disclosures of
which Applications are incorporated by reference herein.

BACKGROUND

1. Technical Field

The present disclosure relates to a photodetection ele-
ment.

2. Description of the Related Art

An avalanche photodiode 1s known as a high-sensitivity
photodetection element. The avalanche photodiode includes
a multiplication region, to which a high electric field 1s
applied when the avalanche photodiode 1s 1n operation, and
multiplies charge generated through photoelectric conver-
sion using an avalanche effect in the multiplication region.
Japanese Unexamined Patent Application Publication No.
2005-32843 discloses an avalanche photodiode as a light
receiving element for inifrared communication. The ava-
lanche photodiode disclosed 1n Japanese Unexamined Patent
Application Publication No. 2005-32843 includes, as a
photoelectric conversion layer, an InGaAs optical absorp-
tion layer. Z. Huang et al., “25 Gbps low-voltage waveguide
S1—Ge avalanche photodiode”, Optica, July 2016, Vol. 3,
No. 8, pp. 793-798 discloses an S1—Ge avalanche photo-
diode having a single-crystal germanium layer functioning
as an optical absorption layer and a waveguide which 1is
formed on a monocrystalline silicon layer as a multiplication
layer.

Application of avalanche photodiodes to an 1image sensor
through integration 1s under consideration 1n addition to use
of an avalanche photodiode as a discrete device. Japanese
Unexamined Patent Application Publication No. 2012-
119371 proposes use of an avalanche eflect 1n a direct-
conversion flat panel detector for radiography. FIG. 1 of
Japanese Unexamined Patent Application Publication No.
2012-1193771 discloses a radiation detector having an ava-
lanche layer arranged adjacent to a photoelectric conversion
layer composed mainly of amorphous Se. The radiation
detector according to Japanese Unexamined Patent Appli-
cation Publication No. 2012-1193°71 provides an intensity
image associated with radiation after passage through a
subject.

SUMMARY

In one general aspect, the techniques disclosed here
feature a photodetection element including: a photoelectric
conversion structure that contains a first material having an
absorption coellicient higher than an absorption coetlicient
of monocrystalline silicon for light of a first wavelength, for
which monocrystalline silicon exhibits absorption, and gen-
erates positive and negative charges by absorbing a photon;
and an avalanche structure that includes a monocrystalline
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2

silicon layer, 1n which avalanche multiplication occurs as a
result of injection of at least one selected from the group
consisting of the positive and negative charges from the
photoelectric conversion structure. The first material
includes at least one selected from the group consisting of an
organic semiconductor, a semiconductor-type carbon nano-
tube, and a semiconductor quantum dot.

It should be noted that general or specific embodiments
may be implemented as an element, a device, an apparatus,

a system, an integrated circuit, a method, or any selective
combination thereof.

Additional benefits and advantages of the disclosed
embodiments will become apparent from the specification
and drawings. The benefits and/or advantages may be 1ndi-
vidually obtained by the various embodiments and features
of the specification and drawings, which need not all be
provided in order to obtain one or more of such benefits
and/or advantages.

BRIEF DESCRIPTION OF THE DRAWINGS

FIG. 1 1s a view showing an exemplary device structure
ol a photodetection element according to a first embodiment;

FIG. 2 1s a view showing an exemplary device structure
ol a photodetection element according to a second embodi-
ment,

FIG. 3 1s a plan view showing an example of an outer
appearance when the photodetection element shown 1n FIG.
2 1s viewed along a Z axis;

FIG. 4 1s a graph showing an I-V curve of a common
avalanche photodiode;

FIG. 5 1s a view showing a device structure of a modi-
fication of the photodetection element according to the
second embodiment;

FIG. 6 1s a view showing a device structure of another
modification of the photodetection element according to the
second embodiment;

FIG. 7 1s a view showing an exemplary device structure
ol a photodetection element according to a third embodi-
ment,

FIG. 8 1s a view showing a device structure of a modi-
fication of the photodetection element according to the third
embodiment;

FIG. 9 15 a view showing an example of a device structure
of a photodetection element including a charge transport
layer between a photoelectric conversion structure and an
avalanche structure:

FIG. 10 1s a view showing another example of the device
structure of the photodetection element including the charge
transport layer between the photoelectric conversion struc-
ture and the avalanche structure:

FIG. 11 1s a view showing a device structure of another
modification of the photodetection element according to the
third embodiment;

FIG. 12 1s a view showing a device structure of still
another modification;

FIG. 13 1s a schematic cross-sectional view showing a
device structure of a common PIN-type silicon avalanche
photodiode;

FIG. 14 1s a schematic cross-sectional view showing a
device structure of a common reach-through-type silicon
avalanche photodiode; and

FIG. 15 1s a view showing an exemplary device structure
ol a photodetection element according to a fourth embodi-
ment.
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DETAILED DESCRIPTION

Underlying Knowledge Forming Basis of the
Present Disclosure

An avalanche photodiode can obtain a high signal level
even on incidence of feeble light with a charge multiplying
tunction. However, 1t 1s known that charges can be trapped
in a structure of the avalanche photodiode. A factor in
charges being trapped 1n the structure 1s the presence of an
energy level resulting from a crystal defect, a crystal grain
boundary, impurities, or the like. Such an energy level 1s also
called a trap. A charge trapped in the structure 1s emitted
with a certain probability after passage of time. A charge
emitted from the trap after passage of a certain time 1s
indistinguishable from a charge which i1s generated through
photoelectric conversion in the same place at a time when
the charge 1s emitted from the trap. For this reason, if
charges trapped 1n the structure and emitted after passage of
a certain time transfer to a multiplication region, charge
multiplication occurs at a time later than light incidence.

In a case where an avalanche photodiode 1s brought 1nto
operation in linear mode, when a charge trapped in a
structure 1s emitted after passage of a certain time, an
attenuated signal 1s output from the avalanche photodiode at
a time later than an intended time of light incidence. Such a
signal output later than originally intended becomes a factor
in reducing an S/N ratio of the avalanche photodiode. For
example, 1I an 1mage sensor 1s constructed by integrating
avalanche photodiodes, a signal output later may appear as
an afterimage 1n an 1mage.

In a case where an avalanche photodiode 1s brought 1nto
operation 1n Geiger mode, when charges emitted from a trap
transier to a multiplication region, multiplication is triggered
by injection of the charges into the multiplication region,
and an output pulse 1s observed at a time different from an
intended time of light incidence. The output pulse 1s a false
signal which 1s indistinguishable from an intended output
pulse generated as a result of light incidence. Such a false
signal resulting from transfer of a charge trapped n a
structure to an avalanche region 1s called an afterpulse. Since
even incidence of a single photon may cause a transition to
an avalanche breakdown state 1n Geiger mode, 1t 1s benefi-
cial to reduce charges trapped 1n a structure.

The present disclosure provides a high-sensitivity photo-
detection element that has reduced noise while utilizing an

avalanche eflect.

Non-limiting exemplary embodiments of the present dis-
closure provide the following items.
| Item 1]

A photodetection element according to one aspect of the
present disclosure includes

a photoelectric conversion structure that contains a first
material having an absorption coetlicient higher than an
absorption coeflicient of monocrystalline silicon for light of
a first wavelength, for which monocrystalline silicon exhib-
its absorption, and generates positive and negative charges
by absorbing a photon, and

an avalanche structure that includes a monocrystalline
silicon layer, in which avalanche multiplication occurs as a
result of mjection of at least one selected from the group
consisting of the positive and negative charges from the
photoelectric conversion structure.

The first material includes at least one selected from the
group consisting of an organic semiconductor, a semicon-
ductor-type carbon nanotube, and a semiconductor quantum
dot.
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The configuration according to Item 1 allows charges to
be mnhibited from being trapped in the avalanche structure
and allows provision of a high-sensitivity photodetection
clement that has inhibited generation of an afterimage and
an afterpulse. The configuration according to Item 1 uses, for
multiplication, charges generated 1n the photoelectric con-
version structure contamning the first material, which
improves flexibility in designing a wavelength of light
targeted for detection.
| Item 2]

In the photodetection element according to Item 1, the
photoelectric conversion structure may be 1n direct contact
with the avalanche structure.
| Iltem 3]

The photodetection element according to Item 1 may
further include a charge transport layer that 1s arranged
between the photoelectric conversion structure and the ava-
lanche structure and allows at least one selected from the
group consisting of the positive and negative charges gen-
crated 1n the photoelectric conversion structure to pass
through.

The configuration according to Item 3 allows selective
transier of one of the positive and negative charges gener-
ated 1n the photoelectric conversion structure to the ava-
lanche structure.
| Item 4]

The photodetection element according to any one of Items
1 to 3 may further include

a first electrode, and

a second electrode.

The avalanche structure may include

a first heavily doped region of a first conductivity type,

a second heavily doped region of a second conductivity

type, and

a lightly doped region that 1s arranged between the first

heavily doped region and the second heavily doped
region.

An 1mpurity concentration of the lightly doped region
may be lower than an impurity concentration of the first
heavily doped region and an impurity concentration of the
second heavily doped region.

The first electrode may be electrically connected to the
first heavily doped region, and

the second electrode may be electrically connected to the
second heavily doped region.

In the photodetection element according to Item 4,

the avalanche structure may further include

a moderately doped region of the second conductivity
type that 1s located inside the lightly doped region and 1s
adjacent to the first heavily doped region, and

an 1mpurity concentration of the moderately doped region
may be higher than the impurity concentration of the lightly
doped region and be lower than the impurity concentration
of the first heavily doped region.
|Item 3]

The photodetection element according to any one of Items
1 to 3 may further include

a first electrode, and

a second electrode.

In a cross section perpendicular to a surface of the
avalanche structure, neither of a first straight line and a
second straight line that extend from a given point inside the
avalanche structure may cross the photoelectric conversion
structure, the first straight line being an 1maginary straight
line extending from the given point inside the avalanche
structure to a point 1nside the first electrode that 1s closest to
the given point, the second straight line being an imaginary
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straight line extending from the given point to a point inside
the second electrode that 1s closest to the given point.

In the configuration according to Item 3, a transier path-
way for a charge that 1s accelerated due to a diflerence in
applied potential between the first electrode and the second
clectrode does not cross the photoelectric conversion struc-
ture. This allows reduction 1n charges passing through the
photoelectric conversion structure and reduction in a prob-
ability of charges being trapped 1n the photoelectric conver-
sion structure. The configuration according to Item 5 1s
particularly capable of more beneficially ihibiting genera-
tion of an afterpulse during operation in Geiger mode.

| Iltem 6]

The photodetection element according to Item 5 may
turther include

a third electrode that 1s located on an opposite side of the
photoelectric conversion structure from the avalanche struc-
ture, and

a reset circuit that supplies a reset voltage that diselectri-
fies the photoelectric conversion structure to at least one
selected from the group consisting of the first electrode, the
second electrode, and the third electrode.

The configuration according to Item 6 allows a counter
charge 1n the photoelectric conversion structure to be can-
celed out.
| Item 7]

The photodetection element according to Item 6 may
turther include

a {irst charge transport layer that 1s arranged between the
photoelectric conversion structure and the avalanche struc-
ture and selectively allows one of the positive and negative
charges generated 1n the photoelectric conversion structure
to pass through, and

a second charge transport layer that 1s located between the
photoelectric conversion structure and the third electrode
and selectively allows the other of the positive and negative
charges generated 1n the photoelectric conversion structure
to pass through.

The reset circuit may be connected to the third electrode.

The configuration according to Item 7 selectively allows
one ol positive and negative charges generated through
photoelectric conversion to transfer to the avalanche struc-
ture.
| Item ]

The photodetection element according to any one of Items
1 to 3 may further include

a first electrode,

a second electrode, and

a dielectric region.

In a cross section perpendicular to a surface of the
avalanche structure, at least one straight line selected from
the group consisting of a first straight line and a second
straight line that extend from a given point inside the
avalanche structure may cross the photoelectric conversion
structure, the first straight line being an 1imaginary straight
line extending from the given point inside the avalanche
structure to a point inside the first electrode that 1s closest to
the given point, the second straight line being an 1imaginary
straight line extending from the given point to a point inside
the second electrode that 1s closest to the given point, and

at least a part of the dielectric region may be located on
the at least one straight line.

The configuration according to Item 8 allows charges that
are accelerated due to a difference in applied potential
between the first electrode and the second electrode to be
inhibited from transferring across the photoelectric conver-
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sion structure and allows reduction 1n a probability of
charges being trapped 1n the photoelectric conversion struc-
ture.

| Item 9]

The photodetection element according to Item 8 may
further 1include

a third electrode that 1s located on an opposite side of the
photoelectric conversion structure from the avalanche struc-
ture, and

a reset circuit that supplies a reset voltage that diselectri-
fies the photoelectric conversion structure to at least one
selected from the group consisting of the first electrode, the
second electrode, and the third electrode.

The configuration according to Item 9 allows a counter
charge 1n the photoelectric conversion structure to be can-
celed out.
|Item 10]

The photodetection element according to Item 9 may
further 1include

a first charge transport layer that 1s arranged between the
photoelectric conversion structure and the avalanche struc-
ture and selectively allows one of the positive and negative
charges generated 1n the photoelectric conversion structure
to pass through, and

a second charge transport layer that 1s located between the
photoelectric conversion structure and the third electrode
and selectively allows the other of the positive and negative
charges generated 1n the photoelectric conversion structure
to pass through.

The reset circuit may be connected to the third electrode.
The configuration according to Item 10 selectively allows
one ol positive and negative charges generated through
photoelectric conversion to transfer to the avalanche struc-
ture.

|[Item 11|

In the photodetection element according to any one of
Items 1 to 10,

an absorption edge of the first material may be located on
a side longer 1 wavelength than an absorption edge of
monocrystalline silicon.

The configuration according to Item 11 allows detection
of, for example, light 1n a near-infrared region.
|Item 12]

In the photodetection element according to any one of
Items 1 to 11,

the photoelectric conversion structure may further contain
a second material deeper 1n lowest unoccupied molecular
orbital level than the first material or a third material
shallower 1n highest occupied molecular orbital level than
the first matenal.

The configuration according to Item 12 allows reduction
in a probability of a charge pair generated through photo-
clectric conversion recombining together to disappear
before arriving at the avalanche structure.

In the present disclosure, all or a part of any of circuit,
umt, device, part, or portion, or all or a part of functional
blocks 1n the block diagrams may be implemented as one or
more of electronic circuits including, but not limited to, a
semiconductor device, a semiconductor integrated circuit
(IC), or a large scale integration (LLSI). The LSI or IC can be
integrated 1nto one chip, or also can be a combination of
plural chips. For example, functional blocks other than a
memory may be integrated into one chip. The name used
here 1s LSI or IC, but 1t may also be called system LSI, very
large scale itegration (VLSI), or ultra large scale integra-
tion (ULSI) depending on the degree of integration. A field
programmable gate array (FPGA) that can be programmed
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alfter manufacturing an LSI or a reconfigurable logic device
that allows reconfiguration of the connection or setup of

circuit cells 1nside the LSI can be used for the same purpose.

Further, it 1s also possible that all or a part of the functions
or operations of the circuit, unit, device, part, or portion are
implemented by executing software. In such a case, the
soltware 1s recorded on one or more non-transitory record-
ing media such as a ROM, an optical disk, or a hard disk
drive, and when the software 1s executed by a processor, the
software causes the processor together with peripheral
devices to execute the functions specified 1n the software. A
system or apparatus may include such one or more non-
transitory recording media on which the software 1s recorded
and a processor together with necessary hardware devices
such as an interface.

First Embodiment

Embodiments of the present disclosure will be described
below 1n detail with reference to the drawings. The embodi-
ments described below are comprehensive or specific
examples. Numerical values, shapes, materials, constituent
clements, the arrangement and connection forms of the
constituent elements, steps, the order of the steps, and the
like 1llustrated 1n the embodiments below are merely 1llus-
trative, and are not intended to limit the present disclosure.
Various aspects described 1n the present specification can be
combined as long as there 1s no contradiction. Among the
constituent elements 1n the embodiments below, those not
described 1n an independent claim representing a top-level
concept will be described as optional constituent elements.
In the description below, constituent elements having sub-
stantially the same functions are denoted by the same
reference characters, and a description thereol may be
omitted.

FIG. 1 shows an exemplary device structure of a photo-
detection element according to a first embodiment of the
present disclosure. Note that FIG. 1 merely schematically
illustrates the layout of components constituting the photo-
detection element and that sizes of the components shown 1n
FIG. 1 do not always exactly reflect sizes 1n an actual device.
The same applies to the other drawings in the present
disclosure.

A photodetection element 100A shown i FIG. 1 sche-
matically includes a photoelectric conversion structure 110
and an avalanche structure 120. In the example, the photo-
clectric conversion structure 110 1s arranged in contact with
the avalanche structure 120. As shown in FIG. 1, the
photodetection element 100A can further include a first
clectrode 130A and a second electrode 140.

The avalanche structure 120 is a structure including a
monocrystalline silicon layer in which avalanche multipli-
cation occurs as a result of injection of charges from the
photoelectric conversion structure 110. In the example
shown 1 FIG. 1, the avalanche structure 120 has a configu-
ration similar to that of a PIN-type silicon avalanche pho-
todiode.

FIG. 13 shows, for reference, a device structure of a
common PIN-type silicon avalanche photodiode. The PIN-
type avalanche photodiode 700 shown 1n FIG. 13 includes a
cathode 730, a heavily doped N-type region 722#, a lightly
doped region 724, a heavily doped P-type region 722p, and
an anode 740. As schematically shown i FIG. 13, the
heavily doped N-type region 722# 1s located in the vicinity
of a surface of the lightly doped region 724, and the cathode
730 1s electrically connected to a part of the heavily doped
N-type region 722». The heavily doped P-type region 722p
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1s located on the opposite side of the lightly doped region
724 trom the heavily doped N-type region 722n, and the
anode 740 1s electrically connected to the heavily doped
P-type region 722p. The PIN-type avalanche photodiode
700 shown in FIG. 13 further includes an insulating layer
750, a part of which 1s located between the cathode 730 and
the heavily doped N-type region 722». The insulating layer
750 1s provided to improve a withstand voltage.

Referring back to FIG. 1, 1n the configuration illustrated
in FIG. 1, the avalanche structure 120 includes a heavily
doped N-type region 122#, a lightly doped region 124, and
a heavily doped P-type region 122p. The heavily doped
N-type region 122#, the lightly doped region 124, and the
heavily doped P-type region 122p can be regions 1n a silicon
substrate which are different 1n impurity concentration or
dopant from each other. Here, the heavily doped N-type
region 122#», the lightly doped region 124, and the heavily
doped P-type region 122p in the avalanche structure 120 are
arranged 1n this order 1n a direction from the second elec-
trode 140 toward the first electrode 130A. Note that the
conductivity types of the doped regions are not limited to
those 1n the example shown i FIG. 1. A configuration in
which the N-type and P-type regions have exchanged con-
ductivity types with each other 1s also possible.

The photoelectric conversion structure 110 has a function
ol absorbing a photon of a wavelength, to which the pho-
todetection element 100A 1s desired to have sensitivity, and
generating a charge. Note that the avalanche structure 120
includes a monocrystalline silicon layer and that a semicon-
ductor typified by monocrystalline silicon basically has a
photoelectric conversion function regardless of whether the
level of the function 1s high or low. For this reason, the
avalanche structure 120 can generate a charge inside as a
result of 1rradiation with light, like the photoelectric con-
version structure 110. The photoelectric conversion structure
110 according to the present disclosure 1s distinguishable
from the avalanche structure 120 in that the photoelectric
conversion structure 110 contains a first material having an
absorption coeflicient higher than that of monocrystalline
silicon for light of a certain wavelength included 1n a
wavelength range, for which monocrystalline silicon exhib-
its absorption.

The first matenial includes at least one selected from the
group consisting of an organic semiconductor, a semicon-
ductor-type carbon nanotube, and a semiconductor quantum
dot. An example of an organic semiconductor which has an
absorption coeflicient higher than that of monocrystalline
silicon for light of a certain wavelength included in the
wavelength range, for which monocrystalline silicon exhib-
its absorption, 1s poly(3-hexylthiophene) (P3HT). P3HT
exhibits an absorption coetlicient higher than that of monoc-
rystalline silicon for a wavelength range of about 450 nm to
600 nm. For each of many phthalocyanines and naphthalo-
cyanines, a wavelength, for which the phthalocyanine or
naphthalocyanine exhibits an absorption coellicient higher
than that of monocrystalline silicon, 1s present within a
wavelength range, for which monocrystalline silicon exhib-
its absorption.

A semiconductor-type carbon nanotube has flexibility
called chirality, exhibits resonance absorption for a different
wavelength depending on the chirality, and exhibits an
absorption coeflicient higher than that of monocrystalline
silicon for the resonant wavelength. For example, a semi-
conductor-type carbon nanotube having a chiral index of
(9,8) exhibits resonance absorption for wavelengths around
800 nm and around 1.45 um. A semiconductor-type carbon
nanotube having a chiral index of (7,6) exhibits resonance
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absorption for wavelengths around 640 nm and around 1.15
um. Thus, a photodetection element having peculiarly high
sensitivity to a specific wavelength can be created by, for
example, forming the photoelectric conversion structure 110
using a single-walled carbon nanotube having chirality
appropriate for a wavelength of light targeted for detection.

As can be seen from the above-described examples, a
semiconductor-type carbon nanotube can have an absorption
edge at a wavelength longer than 1.1 um that 1s an absorption
edge of monocrystalline silicon. Thus, a photoelectric con-
version structure which can generate charges through pho-
toelectric conversion as a result of reception of light of a
wavelength above a wavelength range, for which monoc-
rystalline silicon exhibits absorption, can be created by, for
example, adopting, as the first material, a single-walled
carbon nanotube having chirality that exhibits resonance
absorption for a side longer 1n wavelength than the absorp-
tion edge of monocrystalline silicon. In other words, a
photodetection element having sensitivity to light of a
wavelength above the wavelength range, for which monoc-
rystalline silicon exhibits absorption, such as near-infrared
light, can be created. Note that electromagnetic waves 1n
general including infrared light (of a wavelength longer than
780 nm) and ultraviolet light (of a wavelength shorter than
380 nm) are expressed as light 1n the present specification
for the sake of convemence. In the present specification, the
term “absorption edge” 1s also used for light other than
X-rays.

The first material need not be a single material and may
include a plurality of matenials. For example, sensitivity to
cach of a plurality of wavelength ranges can be given to a
photodetection element by making a plurality of types of
semiconductor-type carbon nanotubes diferent in chirality
coresident 1nside the photoelectric conversion structure 110.
It 1s also possible to create a photodetection element having
high sensitivity to both a wvisible region and an infrared
region by making an organic semiconductor having a high
absorption coetlicient for the visible region and a semicon-
ductor-type carbon nanotube which exhibits resonance
absorption for the infrared region coresident inside the
photoelectric conversion structure 110.

The photoelectric conversion structure 110 may further
contain a second material having a lowest unoccupied
molecular orbital (LUMO) level deeper than that of the first
material or a third material having a highest occupied
molecular orbital (HOMO) level shallower than that of the
first material. In a photoelectric conversion structure com-
posed of an organic semiconductor and/or a semiconductor-
type carbon nanotube, even 1f a pair of positive and negative
charges 1s generated inside through photoelectric conver-
sion, the charges can recombine together to disappear 1n a
relatively short time. When charges generated as a result of
photon incidence recombine together to disappear before
transifer to the avalanche structure 120, an electron ava-
lanche 1n the avalanche structure 120 does not occur, and the
photon incidence 1s not detected. Further inclusion of the
second material or the third material 1n a material for
forming the photoelectric conversion structure 110 1 addi-
tion to the first material allows reduction 1n the probability
of charges generated through photoelectric conversion
recombining together to disappear before arrival at the
avalanche structure 120.

If the photoelectric conversion structure 110 further con-
tains the second maternial deeper in LUMO level than the first
material, a negative one of positive and negative charges
generated through photoelectric conversion shifts to the
LUMO level of the second material. If the photoelectric
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conversion structure 110 further contains the third material
shallower in HOMO level than the first material, a positive
one ol positive and negative charges generated through
photoelectric conversion shifts to the HOMO level of the
third material. That 1s, use of the second material or the third
material in addition to the first maternial allows eflicient
drawing of, for example, an electron or a hole from a
semiconductor-type carbon nanotube and the like and reduc-
tion 1n the probability of a charge pair recombining together
to disappear before arrival at the avalanche structure 120. In
other words, 1t 1s possible to separate positive and negative
charges generated through photoelectric conversion, reduce
a recombination probability, and improve photon detection
ciliciency.

Examples of the second material are fullerenes, such as
Cqo, fullerene derivatives, such as phenyl-C,-butyric acid
methyl ester (PCBM), and N-type organic semiconductor
polymers, such as Activink® (a registered trademark in the
U.S.) N2200 from Polyera Corporation. An example of the
third material 1s poly(3-hexylthiophene) (P3HT).

The photoelectric conversion structure 110 may contain
any other material 1n addition to the first, second, and third
materials described above. A polymer or a low-molecular-
welght compound which 1nhibits agglomeration of semicon-
ductor-type carbon nanotubes when each semiconductor-
type carbon nanotube 1s coated may be further mixed into
the material for forming the photoelectric conversion struc-
ture 110. An example of the polymer, with which a semi-
conductor-type carbon nanotube 1s coated, 1s poly|2-
methoxy-5-(3',7'-dimethyloctyloxy)-1,4-
phenylenevinylene] (MDMO-PPV). Note that P3HT or
N2200 described above can also function as the polymer,
with which a semiconductor-type carbon nanotube 1s coated.
Examples of the low-molecular-weight compound, with
which a semiconductor-type carbon nanotube 1s coated, are
sodium cholate and sodium lauryl sulfate.

The photoelectric conversion structure 110 may contain a
colloidal quantum dot which 1s a semiconductor quantum
dot. The colloidal quantum dot 1s a structure which has a
core of a size about several to several tens of nanometers and
composed of a crystalline semiconductor, and the core 1s
surrounded by another material. The colloidal quantum dot
has the property of dispersing in a solvent and can be applied
to another semiconductor or a metal at about a room
temperature. Even after application, the crystalline semicon-
ductor core has the property of generating charges as a result
of light absorption, like a common crystalline semiconduc-
tor.

Details of a colloidal quantum dot are described in, for
example, Joel Q. Grim, Liberato Manna, and Iwan Moreels,
“A sustainable future for photonic colloidal nanocrystals”,
Chemical Society Review, 20135, Vol. 44, pp. 5897-5914
issued by The Royal Society of Chemistry.

A core of a colloidal quantum dot can be made from
various semiconductor materials. A colloidal quantum dot
having, for example, lead sulfide (PbS) or lead selenide
(PbSe) as a core exhibits significant absorption for a wave-
length longer than 1.1 um and generates charges. For this
reason, 1f such a colloidal quantum dot 1s used in the
photoelectric conversion structure 110, a photodetection
clement having sensitivity to a wavelength longer than 1.1
wm that 1s the absorption edge of monocrystalline silicon can
be created.

A colloidal quantum dot having cadmium selenide
(CdSe), cadmium telluride (Cdle), or the like as a crystalline
semiconductor core exhibits an absorption coetlicient higher
than that of monocrystalline silicon for the visible region.
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For this reason, a photodetection element having higher
sensitivity to the visible region can be created.

In the configuration 1llustrated in FIG. 1, the photodetec-
tion element 100A further includes the first electrode 130A
clectrically connected to the photoelectric conversion struc-
ture 110 and the second electrode 140 electrically connected
to the heavily doped N-type region 122%. The first electrode
130A and the second electrode 140 are elements for achiev-
ing electrical connection with an element, such as a power
source or a signal detection circuit. In the example shown 1n
FI1G. 1, the avalanche structure 120 1s located between the
first electrode 130A and the second electrode 140. The first
clectrode 130A and the second electrode 140 apply a voltage
for producing a high internal electric field suflicient to
achieve a charge multiplying function to the avalanche
structure 120.

In the configuration illustrated i FIG. 1, the first elec-
trode 130A 1s arranged on a principal surface on the opposite
side of the photoelectric conversion structure 110 from a
principal surface, on which the avalanche structure 120 1s
arranged. The second electrode 140 1s arranged on a prin-
cipal surface on the opposite side of the avalanche structure
120 from a principal surface, on which the photoelectric
conversion structure 110 1s arranged. Light targeted for
detection 1s applied, for example, from a side with the first
clectrode 130A located closer to the photoelectric conver-
sion structure 110 than the second electrode 140. If an
absorption edge of the first material 1s located on a side
longer 1n wavelength than the absorption edge of monoc-
rystalline silicon, since a part of applied light can pass
through the avalanche structure 120 and arrive at the pho-
toelectric conversion structure 110, light may be applied
from a side with the second electrode 140. A filter which
selectively transmits inirared light or any other component
can be arranged on a side of the photodetection element
100A, to which light 1s applied, as needed.

As shown 1n FIG. 1, 1f the first electrode 130A covers a
whole surface of the photoelectric conversion structure 110,
a material which has the property of transmitting at least
light of a wavelength targeted for detection 1s selected as a
constituent material for the first electrode 130A. The first
clectrode 130A 1s formed from, for example, a transparent
conductive oxide (TOO), such as indium tin oxide (ITO).
Note that the term “transparent” in the present specification
means transmitting at least a part of light within a wave-
length range targeted for detection and that transmitting light
over a whole wavelength range for visible light 1s not
required.

Use of a material which has a high degree of electrical
conductivity and 1s intrinsically light-absorptive, such as
gold or graphene, as the material for forming the {first
clectrode 130A 1s also possible. If such a material 1s used,
the first electrode 130A may be thinned to an extent which
transmits light of a wavelength targeted for detection.

The same material as that for the first electrode 130A can
be used as a matenial for forming the second electrode 140.
Note that the material for forming the first electrode 130A
and the material for forming the second electrode 140 need
not be the same. As can be seen from the above description,
the term “clectrode” in the present specification 1s not
limited to a metal electrode and 1s interpreted to cover a wide
range of structures formed from a conductive material, such
as a transparent conductive oxide, a metal-semiconductor
compound like silicide, or a heavily doped polycrystalline
semiconductor. For example, 1 a structure in which the
photodetection elements 100A are integrated on a single
semiconductor substrate, a high-concentration impurity
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region 1n the semiconductor substrate can function as the
first electrode 130A and/or the second electrode 140.

In the embodiment of the present disclosure, the photo-
clectric conversion structure 110 primarily bears the func-
tion of generating charges through photoelectric conversion,
and the avalanche structure 120 bears the function of mul-
tiplying charges generated by the photoelectric conversion
structure 110. The avalanche structure 120 includes a
monocrystalline silicon layer as a structure which causes
avalanche multiplication inside, and multiplication of
charges generated by the photoelectric conversion structure
110 occurs basically inside the monocrystalline silicon layer.
Trap density 1s known to differ between materials. Monoc-
rystalline silicon 1s lower 1n trap density than polycrystalline
s1licon or amorphous silicon and 1s lower 1n trap density than
a compound semiconductor, such as InGaAs. It 1s thus
possible to inhibit charges from being trapped in the ava-
lanche structure 120 and inhibit an afterimage and an
alterpulse from being generated by causing avalanche mul-
tiplication i the monocrystalline silicon layer of the ava-
lanche structure 120.

According to the embodiment of the present disclosure,
some or all of functions of the avalanche structure 120 are
implemented by the monocrystalline silicon layer. For
example, 1t 1s relatively easy to integrate a plurality of
photodetection elements 100A on a single silicon substrate.
That 1s, a high-sensitivity image sensor having a charge
multiplying function can be created using a single silicon
substrate. It 1s also relatively easy to further form a transistor
on a silicon substrate, on which pixels including respective
avalanche structures 120 are formed. Thus, peripheral cir-
cuits, such as a quenching circuit (to be described later), can
be itegrated on the same silicon substrate.

Additionally, in the embodiment of the present disclosure,
the photoelectric conversion structure 110 1s made from a
material containing the first material different from monoc-
rystalline silicon. As described above, a material having an
absorption coeflicient higher than that of monocrystalline
silicon for light of a certain wavelength included 1 a
wavelength range, for which monocrystalline silicon exhib-
its absorption, 1s selected as the first matenal. Thus, higher
sensitivity to light of the wavelength 1s achieved than 1n a
case where the photoelectric conversion structure 110 1s
formed from monocrystalline silicon. To achieve equivalent
sensitivity to light of the wavelength, the size of the pho-
toelectric conversion structure 110 can be made smaller than
in the case where the photoelectric conversion structure 110
1s formed from monocrystalline silicon. This 1s beneficial to
integration.

Use of a material having an absorption edge on a side
longer 1n wavelength than 1.1 um that 1s the absorption edge
of monocrystalline silicon as the first material allows the
photodetection element 100A to have substantial sensitivity
to light having a wavelength longer than the absorption edge
of monocrystalline silicon that 1s determined by a band gap.
As 1s well known, monocrystalline silicon 1s an indirect
transition semiconductor and has a small absorption coetli-
cient especially for light 1n a near-infrared region. For this
reason, 1 the photoelectric conversion structure 110 1s
formed from monocrystalline silicon, the area or the thick-
ness of the photoelectric conversion structure 110 needs to
be increased to give suilicient sensitivity to the near-infrared
region, which 1s not beneficial to integration of a plurality of
photodetection elements 100A. According to the embodi-
ment ol the present disclosure, 1t 1s possible to achieve
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suilicient sensitivity to light in the near-infrared region while
keeping dimensions of the photoelectric conversion struc-
ture 110 small.

Note that 1t 1s also possible to give sensitivity to the
near-infrared region or give sensitivity to light of a wave-
length not less than 1.1 um by forming the photoelectric
conversion structure 110 from a compound semiconductor.
The compound semiconductor, however, has a high trap
density and may sufler from reduction in S/N ratio due to an
alterimage or an afterpulse. Especially 11 the compound
semiconductor 1s polycrystalline, the trap density may
increase. For this reason, although the compound semicon-
ductor 1s desirably monocrystalline, 1t 1s generally diflicult to
cause monocrystals of a compound semiconductor, such as
InGaAs, to grow on monocrystalline silicon. Like the tech-
nology described in Z. Huang et al., “25 Gbps low-voltage
waveguide S1—Ge avalanche photodiode”, Optica, July
2016, Vol. 3, No. 8, pp. 793-798, although a layer of
monocrystalline germanium can be formed on monocrys-
talline silicon, a thickness which maintains good crystallin-
ity 1s limited to about several atomic layers due to a
difference 1n lattice constant, and securement of a thickness
suilicient for light absorption 1s difficult.

In the embodiment of the present disclosure, a material
including at least one selected from the group consisting of
an organic semiconductor, a semiconductor-type carbon
nanotube, and a semiconductor quantum dot 1s used as the
first material. As for each of the organic semiconductor, the
semiconductor-type carbon nanotube, and the semiconduc-
tor quantum dot, an 1ndividual molecule or particle exhibits
properties of a semiconductor. That 1s, an individual mol-
ecule or particle can be said to have the function of absorb-
ing a photon and generating a charge pair. As will be
described later, according to the embodiment of the present
disclosure, the photoelectric conversion structure 110 can be
obtained by depositing or applying a material containing the
first material on the avalanche structure 120 without the
need for a process, such as epitaxial growth. Although
crystals are inseparable from defect generation, the photo-
clectric conversion structure 110 can be obtained by the
deposition or application. This 1s beneficial to reduction 1n
trap.

According to the embodiment of the present disclosure,
since there 1s no need for consideration of lattice matching
conditions, there 1s less restriction on materials, and flex-
ibility 1n designing a wavelength of light targeted for detec-
tion 1s higher, as compared with a case where the photo-
clectric conversion structure 110 i1s constructed using an
inorganic monocrystalline semiconductor, such as monoc-
rystalline germanium or monocrystalline silicon-germa-
nium. Additionally, since formation of the photoelectric
conversion structure 110 on the monocrystalline silicon
layer constituting a part or a whole of the avalanche structure
120 1s easy, creation of an 1mage sensor through 1ntegration
of a plurality of photodetection elements 1s relatively easy.
(Operation by Photodetection Element 100A)

An overview of light detection operation by the photo-
detection element 100A will be described below. The pho-
todetection element 100A 1s capable of light detection with
reduced noise 1n either linear mode or Geiger mode and 1s
particularly suitable for operation in linear mode. In linear
mode, light detection 1s executed under a reverse bias close
to and below a breakdown voltage. In linear mode, an output
which 1s proportional to the number of incident photons and
1s amplified by a fixed multiplication factor i1s obtained.
Thus, a photodetection element according to the present
disclosure can be used as a higher-sensitivity device for the
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same purpose as that for a silicon photodiode. Operation 1n
linear mode will be described below.

At the time of light detection, a power source (not shown)
1s connected to the first electrode 130A and the second
clectrode 140, and a potential difference 1s applied between
the first electrode 130A and the second electrode 140 such
that a potential on the second electrode 140 side 1s higher
than a potential on the first electrode 130A side. In other
words, the photodetection element 100A 1s put 1into a state in
which a reverse bias 1s applied to the avalanche structure
120. The magnitude of the reverse bias applied at this time
1s smaller than that of a potential diflerence which causes
avalanche breakdown.

For example, 1t light 1s applied from the first electrode
130A side, and the light enters the photoelectric conversion
structure 110, an organic semiconductor, a semiconductor-
type carbon nanotube, or a semiconductor quantum dot in
the photoelectric conversion structure 110 absorbs light,
which causes generation of, for example, a hole-electron
pair 1n a molecule or a particle. In the configuration 1llus-
trated 1n FIG. 1, the photoelectric conversion structure 110
1s located between the first electrode 130A and the second
clectrode 140, and a potential difference 1s provided here
from the power source to between the first electrode 130A
and the second electrode 140. For this reason, a force due to
an electric field between the first electrode 130A and the
second electrode 140 acts on the hole and the electron
generated through photoelectric conversion, and the hole
and the electron transier toward the first electrode 130A and
the second electrode 140, respectively.

In the first embodiment, the first electrode 130A, the
second electrode 140, the photoelectric conversion structure
110, and the avalanche structure 120 are arranged 1n a linear
manner, and the avalanche structure 120 1s located between
the photoelectric conversion structure 110 and the second
clectrode 140 or between the photoelectric conversion struc-
ture 110 and the first electrode 130A. Thus, one of the hole
and the electron generated through the photoelectric con-
version passes through the avalanche structure 120 before
the one arrives at the first electrode 130A or the second
clectrode 140.

Of the hole and the electron generated through the pho-
toelectric conversion, a charge after transter from the pho-
toelectric conversion structure 110 into the avalanche struc-
ture 120 1s accelerated by an electric field inside the
avalanche structure 120 to cause an electron avalanche, and
a macroscopic current 1s output from the photodetection
clement 100A. Note that a charge generated through pho-
toelectric conversion inside the avalanche structure 120 can
also be accelerated by the electric field inside the avalanche
structure 120 to cause an electron avalanche. In linear mode,
charges, the number of which 1s the product of the number
of charges generated through light application and a multi-
plication constant for an avalanche eflect, are output. A gain
at this time exhibits a magnitude corresponding to a reverse
bias, and signal strength corresponding to illuminance 1s
obtained as a result of light application. For example, at the
time of light detection by applying a reverse bias close to the
breakdown voltage, a gain of about several hundreds of
times can be obtained. Note that, i1f the photodetection

clement 100A 1s brought into operation 1n Geiger mode, a
charge transiers from the photoelectric conversion structure
110 into the avalanche structure 120, which causes a tran-
sition to a state 1n which a breakdown current flows.
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(Overview of Method for Manufacturing Photodetection
Element 100A)

The photodetection element 100A described above can be
manufactured, for example, by the following procedure.

A heavily doped N-type monocrystalline silicon substrate
1s first prepared. Chemical vapor deposition (CVD) or
molecular beam epitaxy (MBE) 1s used to sequentially form
the lightly doped region 124 and the heavily doped P-type
region 122p on the N-type monocrystalline silicon substrate
through ep1tax1al growth. With the formation of the lightly
doped region 124 and the heavily doped P-type region 122p,
the avalanche structure 120 1s obtained. At least a part of the
N-type monocrystalline silicon substrate functions as the
heavily doped N-type region 1227 of the avalanche structure
120. Note that the avalanche structure 120 may be obtained
by using 10n implantation or impurity diffusion to form the
heavily doped N-type region 122, the lightly doped region
124, and the heavily doped P-type region 122p on the
monocrystalline silicon substrate. After that, the second
clectrode 140 1s formed on the heavily doped N-type region
122# side of the avalanche structure 120, as needed.

The photoelectric conversion structure 110 1s then formed
on the avalanche structure 120. The photoelectric conver-
sion structure 110 1s formed here on the heavily doped
P-type region 122p side of the avalanche structure 120. The
formation of the photoelectric conversion structure 110 can
be executed by depositing or applying a material containing,
the first material on the avalanche structure 120. Molecules
of relatively low molecular weight (for example, organic
semiconductors, such as phthalocyanines and naphthalocya-
nines, and C,, that can be used as the second material)
exhibit a sublimation property and can be evaporated 1n a
vacuum. Organic semiconductor materials, such as P3HT
and PCBM that can be used as the second material, are
soluble 1n an organic solvent and can be added onto the
avalanche structure 120 using spin coating, a doctor blade,
an inkjet system, or the like after being dispersed into an
organic solvent. After the addition onto the avalanche struc-
ture 120, the photoelectric conversion structure 110 can be
tormed by vaporizing the organic solvent. A semiconductor-
type carbon nanotube can be applied on the avalanche
structure 120 by dispersing the semiconductor-type carbon
nanotube into an organic solvent, such as 1-methyl-2-pyr-
rolidone (NMP) or dichlorobenzene. Alternatively, the semi-
conductor-type carbon nanotube may be applied and dried
alter the property of dispersing in an organic solvent is
improved by coating the semiconductor-type carbon nano-
tube with a polymer, such as N2200 or MDMO-PPV. A
colloidal quantum dot can disperse 1n a solvent, such as
toluene, and can be applied on the avalanche structure 120.

A semiconductor-type carbon nanotube can be synthe-
sized by CVD, arc discharge, or the like. Note that, as for
carbon nanotube manufacture, not only a semiconductor-
type carbon nanotube but also a metal-type carbon nanotube
1s commonly produced. Since a metal-type carbon nanotube
can act as a recombination center for a charge pair, the
sensitivity of the photodetection element 100A can be
improved by separating semiconductor-type carbon nano-
tubes and metal-type carbon nanotubes and increasing the
ratio ol semiconductor-type carbon nanotubes.

A colloidal quantum dot can be produced by a tflocculation
method using a supersaturated solution or the like, a disper-
sion method that physically breaking down particles into
smaller particles, or the like.

A process for formation of the photoelectric conversion
structure 110 need not be a single process and may be a
combination of a plurality of processes. For example, a
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process of evaporating C., may be further executed atfter a
process of adding a semiconductor-type carbon nanotube on
the avalanche structure 120 by spin coating.

After the formation of the photoelectric conversion struc-
ture 110, the first electrode 130A 1s formed on the photo-
clectric conversion structure 110. For example, if ITO 1s
used as the material for the first electrode 130A, the first

clectrode 130A can be formed by sputtering or the like. If a
metal, such as gold, 1s used as the maternial for the first
clectrode 130A, the first electrode 130A can be formed by
evaporation or the like. With the formation of the first
clectrode 130A, the photodetection element 100A shown 1n
FIG. 1 1s obtained.

(Modification)

The configuration shown in FIG. 1 1s merely illustrative
and may be variously altered. A photodetection element may
further include an additional element other than the photo-
electric conversion structure 110, the avalanche structure
120, the first electrode 130A, and the second electrode 140.
For example, an msulating layer may be arranged between
the photoelectric conversion structure 110 and the avalanche
structure 120 as long as charge transier from the photoelec-
tric conversion structure 110 to the avalanche structure 120
1s possible. The insulating layer may be thin enough for
charges to transfer from the photoelectric conversion struc-
ture 110 to the avalanche structure 120 due to a tunnel eflect,
for example, as thin as about several nanometers. An 1nsu-
lating layer may also be arranged between the avalanche
structure 120 and an electrode. A blocking layer which
inhibits charges from being injected from the first electrode
130 A 1nto the photoelectric conversion structure 110 may be
arranged between the photoelectric conversion structure 110
and the first electrode 130A. A photodetection element may
further include a bonding layer or the like for more firmly
bonding elements constituting components.

The avalanche structure 120 only needs to include a
monocrystalline silicon layer which 1s capable of charge
multiplication and includes a plurality of regions different in
impurity concentration, and a specific configuration thereof
1s not limited to the configuration illustrated in FIG. 1. The
avalanche structure 120 may have, for example, a configu-
ration similar to that of a common reach-through-type
silicon avalanche photodiode.

FI1G. 14 shows, for reference, a device structure of a
common reach-through-type silicon avalanche photodiode.
The reach-through-type avalanche photodiode 800 shown 1n
FIG. 14 includes electrodes 830 and 840, a heavily doped
region 822/ of a first conductivity type, a moderately doped
region 821s of a second conductivity type which has inter-
mediate impurity concentration, a lightly doped region 823s
of the second conductivity type, and a heavily doped region
8225 of the second conductivity type. In the example, the
reach-through-type avalanche photodiode 800 further
includes an insulating layer 850, a part of which 1s located
between the electrode 830 and the heavily doped region
822f/. The heavily doped region 822f1s located 1n the vicinity
of a surface of the lightly doped region 823s, and the
moderately doped region 821s 1s adjacent to the heavily
doped region 822/ inside the lightly doped region 823s. If
the first conductivity type and the second conductivity type
are N-type and P-type, respectively, the electrode 830 con-
nected to the heavily doped region 822/ functions as a
cathode while the electrode 840 connected to the heavily
doped region 822s functions as an anode. If the first con-
ductivity type and the second conductivity type are P-type
and N-type, respectively, the roles of the electrodes 830 and
840 are reversed, and the electrode 830 functions as an
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anode while the electrode 840 functions as a cathode. The
avalanche structure 120 may have a configuration similar to

that of a reverse-type silicon avalanche photodiode.

Arrangement ol the photoelectric conversion structure
110 with respect to the avalanche structure 120 1s not limited
to the example shown 1n FIG. 1. The photoelectric conver-
sion structure 110 may be arranged closer to the first
electrode 130A than the avalanche structure 120, as shown
in FIG. 1, or arranged closer to the second electrode 140 than
the avalanche structure 120. Alternatively, the photoelectric
conversion structure 110 may be arranged inside the ava-
lanche structure 120.

The first electrode 130A 1s not required to cover a whole
surface of the photoelectric conversion structure 110 and
may have an opening. A transparent member which can
transmit at least light of a wavelength targeted for detection
may be arranged inside the opening provided in the first
clectrode 130A. Such a transparent member can be formed
using an insulative material, such as an aluminum oxide or
a silicon oxide.

Second Embodiment

FIG. 2 shows an exemplary device structure of a photo-
detection element according to a second embodiment of the
present disclosure. Arrows indicating an X direction, a Y
direction, and a Z direction orthogonal to one another are
shown together 1n FIG. 2 for reference. The photodetection
clement according to the second embodiment of the present
disclosure 1s capable of reducing an afterpulse more eflec-
tively than 1n the first embodiment and 1s more beneficial to
operation 1n Geiger mode.

A main difference between a photodetection element
100B shown in FIG. 2 and the photodetection element 100A
described with reference to FIG. 1 is that the photodetection
clement 100B 1ncludes a first electrode 130B 1nstead of the
first electrode 130A that covers a photoelectric conversion
structure 110. As schematically shown in FIG. 2, the first
clectrode 130B and the photoelectric conversion structure
110 do not have portions in direct contact with each other.

In the example shown 1n FIG. 2, the first electrode 1308
1s arranged on an avalanche structure 120 so as to be spaced
from the photoelectric conversion structure 110. A dielectric
region 150a intervenes between the photoelectric conver-
s1on structure 110 and the first electrode 130B. The dielectric
region 150a can be made from, for example, an insulative
inorganic material (for example, a silicon oxide or a silicon
nitride, with which a gap between the first electrode 130B
and the photoelectric conversion structure 110 1s filled) or an
insulative organic material (for example, an amorphous
fluororesin). An example of the amorphous fluororesin is
CYTOP® from Asahi Glass Co., Ltd. The dielectric region
150a may be an air layer or a region which 1s evacuated and
1s 1n the near vacuum. As will be described later, since the
photoelectric conversion structure 110 1s not located
between the first electrode 130B and a second electrode 140
in the second embodiment, current does not flow to the
photoelectric conversion structure 110 even 1n an avalanche
breakdown state, and charges can be prevented from being
trapped 1n the photoelectric conversion structure 110. As a
result, an afterpulse can be reduced.

FIG. 3 shows an example of an outer appearance when the
photodetection element 100B shown in FIG. 2 1s viewed
along a 7Z axis. Like FIG. 2, arrows indicating the X
direction, the Y direction, and the Z direction are shown
together 1n FIG. 3. In the configuration illustrated in FIG. 3,
the first electrode 130B has a ring shape. The photoelectric
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conversion structure 110 1s located inside an opening of the
ring shape of the first electrode 130B. Planar shapes of the
first electrode 1308 and the photoelectric conversion struc-
ture 110 are not limited to the shapes shown 1n FIG. 3. For
example, an outer shape of the first electrode 130B 1s not
limited to a circular shape as illustrated in FIG. 3 and may
be any other shape, such as an elliptical shape, a rectangular
shape, a polygonal shape, or an indefinite shape. The outer
shape of the first electrode 130B need not coincide with a
shape of the opening prowded at the center of the first
clectrode 130B, and the ring shape need not be closed. For
example, the ﬁrst clectrode 130B may have a C shape
obtained by notching a ring shape or the first electrode 130B
may include a plurality of portions which are dispersedly
arranged around the photoelectric conversion structure 110.
The planar shape of the photoelectric conversion structure
110 may be arbitrarily set, and an outer shape of the
photoelectric conversion structure 110 need not coincide
with the outer shape of the first electrode 130B. It 1s
beneficial that the photoelectric conversion structure 110 and
the first electrode 130B have planar shapes having high
symmetry, as shown in FIG. 3. It 1s beneficial 1n a case where
a plurality of photodetection elements 100B are arranged 1n
an array that the photoelectric conversion structure 110 and
the first electrode 130B have polygonal shapes, such as
triangular shapes, rectangular shapes, or hexagonal shapes.

The arrangement of the photoelectric conversion structure
110, the first electrode 130B, and the second electrode 140
will be described below 1n more detail with reference to FIG.
2. In the configuration 1llustrated 1n FIG. 2, the photoelectric
conversion structure 110 1s not located between the first
clectrode 130B and the second electrode 140. Assume here
that an arbitrary point P 1s set inside the avalanche structure
120 and that a first straight line .1 which connects the point
P and a point Q located inside the first electrode 1308 and
closest to the point P 1s drawn, as schematically shown 1n
FIG. 2. Also, assume that a second straight line .2 which
connects the point P and a point R located inside the second
clectrode 140 and closest to the point P 1s drawn. In this case,
the photoelectric conversion structure 110 1s arranged so as
to be located neither on the first straight line L1 nor on the
second straight line L2.

As will be described later 1n detail, the second embodi-
ment 1s the same as the first embodiment 1n that a reverse
bias 1s applied between the first electrode 130B and the
second electrode 140 at the time of light detection. Thus, a
charge after transier from the photoelectric conversion struc-
ture 110 to the avalanche structure 120 1s accelerated in
accordance with an internal electric field formed between
the first electrode 130B and the second electrode 140 as a
result of the application of the reverse bias and transiers
toward the first electrode 130B or the second electrode 140.
Note here that since the photoelectric conversion structure
110 1s arranged so as to be located neither on the first straight
line L1 nor on the second straight line 1.2, neither a transier
pathway for a charge which 1s to trigger an electron ava-
lanche nor a transier pathway for a charge generated by an
clectron avalanche crosses the photoelectric conversion
structure 110. That 1s, charges passing through the photo-
electric conversion structure 110 can be reduced, and the
probability of charges being trapped in the photoelectric
conversion structure 110 can be reduced. It is thus possible
to more ellectively mhibit generation of an afterpulse, for
example, during operation 1n Geiger mode.

In light detection in Geiger mode, a reverse bias above a
breakdown voltage 1s applied to the avalanche structure 120,
like a common silicon avalanche photodiode. FIG. 2 shows
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a state 1 which a voltage supply circuit 190 1s connected
between the first electrode 130B and the second electrode
140. The voltage supply circuit 190 applies a reverse bias
above the breakdown voltage to the photodetection element
100B at the time of light detection. The voltage supply
circuit 190 typically includes a power source which supplies
a reverse bias above the breakdown voltage. The voltage
supply circuit 190 1s not limited to a particular power circuit
and may be a circuit which generates a predetermined
voltage or a circuit which converts an mnput voltage nto a
predetermined voltage.

The voltage supply circuit 190 typically further includes
a quenching circuit 192 which 1s configured to be capable of
applying a voltage below the breakdown voltage to the
avalanche structure 120. Either a passive mechanism or an
active mechanism can be used as the quenching circuit 192.
For example, a quenching resistor may be used as the
passive mechanism. The quenching resistor 1s connected in
series to the first electrode 130B or the second electrode 140.
The quenching circuit 192 may be an active mechanism
including an active element, such as a transistor. For
example, Japanese Unexamined Patent Application Publi-
cation No. 2012-069944 discloses an example of the active
mechanism. The disclosure of Japanese Unexamined Patent
Application Publication No. 2012-069944 is incorporated by
reference herein 1n its entirety. The quenching circuit 192
can 1nclude, 1n 1ts part, a detection circuit which detects a
current due to avalanche breakdown. The quenching circuit
192 may be a part of the photodetection element 100B.
(Operation by Photodetection Element 100B)

An overview of light detection operation by the photo-
detection element 100B will be described below with ret-
crence to FIGS. 2 and 4. The photodetection element 1008
1s operable either i linear mode or 1n Geiger mode and 1s
particularly suitable for operation 1 Geiger mode. Opera-
tion 1 Geiger mode will be described below.

FIG. 4 shows an I-V curve of a common avalanche
photodiode 1n a state 1n which light 1s not applied. As has
already been described, the avalanche structure 120 has a
configuration similar to that of a PIN-type silicon avalanche
photodiode. For this reason, the avalanche structure 120 can
exhibit the same I-V curve as that of a common avalanche
photodiode.

(Step 1)
In the configuration illustrated i FIG. 2, the voltage

supply circuit 190 1s connected between the first electrode
130B and the second electrode 140. In Geiger mode, light
detection 1s executed under a reverse bias above a break-
down voltage Vbr. At the time of light detection, a reverse
bias above the breakdown voltage Vbr 1s first applied to the
avalanche structure 120 by the voltage supply circuit 190. In
other words, the second electrode 140 i1s set to a higher
potential than that of the first electrode 130B.

As shown 1n FIG. 4, avalanche breakdown occurs under
a reverse bias above the breakdown voltage Vbr in an
avalanche photodiode. However, gradual voltage applica-
tion makes i1t possible to apply a reverse bias above the
breakdown voltage Vbr to the avalanche photodiode while
preventing current from flowing between an anode and a
cathode. In the following description, a state without ava-
lanche breakdown even under a reverse bias above the
breakdown voltage will be referred to as a “metastable state”™
for the sake of convenience. In FIG. 4, an operating point
corresponding to the metastable state 1s indicated by a white
rectangle “[ ]~
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(Step 2)

When light of a wavelength, for which a first material
exhibits absorption, enters the photoelectric conversion
structure 110 of the photodetection element 1008, in which
the avalanche structure 120 1s 1n the metastable state, a pair
of positive and negative charges (typically, a hole-electron
pair) 1s generated through photoelectric conversion. Either
one of the positive and negative charges which are generated
enters from the photoelectric conversion structure 110 into
the avalanche structure 120 with a certain probability.
(Step 3)

The charge after the entry from the photoelectric conver-
s1on structure 110 1nto the avalanche structure 120 1s accel-
erated by an electric field produced due to a difference 1n
applied potential between the first electrode 130B and the
second electrode 140 to cause an electron avalanche. Posi-
tive and negative charges newly generated inside the ava-
lanche structure 120 transfer toward the first electrode 1308
and the second electrode 140, respectively. As a result, a
macroscopic current pulse 1s output from the photodetection
clement 100B.

In the graph 1n FIG. 4, a black rectangle “W” represents
an operating point corresponding to the avalanche break-
down state. A transition of the avalanche structure 120 1n the
metastable state to the avalanche breakdown state 1s a rapid
transition. As described above, a charge after transfer from
the photoelectric conversion structure 110 into the avalanche
structure 120 serves as a trigger which causes the avalanche
structure 120 to transit from the metastable state to a state 1n
which a breakdown current tlows. Observation of the current
pulse output from the photodetection element 100B due to
avalanche breakdown allows detection of light incidence.
The quenching circuit 192 detects a current resulting from
the avalanche breakdown and outputs, for example, a signal
indicating photon detection. Since a transition from the
metastable state to the avalanche breakdown state also
occurs as a result of incidence of a single photon, a single
photon can be detected 1n a detection mode using the
metastable state.

(Step 4)

In a state 1n which the avalanche breakdown 1s going on,
even 1f a photon further enters the photoelectric conversion
structure 110, and a charge newly generated through pho-
toelectric conversion enters further into the avalanche struc-
ture 120, the photon cannot be detected. For this reason,
alter the detection of the current pulse, quenching that
reduces the potential diflerence between the first electrode
130B and the second electrode 140 to a magnitude, at which
a breakdown current does not flow, 1s executed. The quench-
ing circuit 192 supplies a bias for quenching to the photo-
detection element 100B.

In FIG. 4, a white triangle “A” indicates an operating point
after the quenching. After that, a reverse bias above the
breakdown voltage Vbr 1s applied again between the first
electrode 130B and the second electrode 140, which restores
the avalanche structure 120 to the metastable state. For
example, 1f an active mechamism 1s used as the quenching
circuit 192, the quenching circuit 192 typically includes a
circuit which applies a voltage above the breakdown voltage
Vbr between the first electrode 130B and the second elec-
trode 140. The active mechanism raises the reverse bias to
be applied to the avalanche structure 120 to a voltage above
the breakdown voltage Vbr by the action of, for example, a
current detecting amplifier and restores the avalanche struc-
ture 120 to the metastable state. With the restoration, the
photodetection element 100B 1s restored to a state standing
by for detection. If a passive mechanism 1s used as the




US 10,847,669 Bl

21

quenching circuit 192, quenching and restoration to the
metastable state are automatically executed.

By repetition of the above-described cycle, light detection
in Geiger mode 1s executed. In Geiger mode, even if the
number of holes or electrons which transier from the pho-
toelectric conversion structure 110 to the avalanche structure
120 i1s one, a transition from the metastable state to the
avalanche breakdown state can occur. That 1s, even 1nci-
dence of a single photon on the photoelectric conversion
structure 110 can cause a transition from the metastable state
to the avalanche breakdown state. As described above, 1n a
detection mode using the metastable state, a single photon
can be detected. A photodetection element according to the
embodiment of the present disclosure can exhibit suflicient
sensitivity for light detection.

As described above, 1n the second embodiment, the
photoelectric conversion structure 110 1s arranged so as to be
located neither on the first straight line .1 nor on the second
straight line L.2. For this reason, a charge traveling toward
the first electrode 130B or the second electrode 140 in
accordance with an electric field does not pass through the
photoelectric conversion structure 110. Alternatively, the
proportion of charges passing through the photoelectric
conversion structure 110 to charges traveling toward the first
clectrode 130B or the second electrode 140 can be reduced.
The probability that a charge 1s trapped 1n a certain region
in a structure 1s proportional to the number of charges
passing through the region. In the second embodiment, since
there 1s no charge passing through the photoelectric conver-
s1on structure 110 or the proportion of such charges 1s small,
even 1 the photoelectric conversion structure 110 1s com-
posed of a material which may produce relatively numerous
traps, the probability that a charge is trapped in the photo-
electric conversion structure 110 1s lower. Meanwhile, the
avalanche structure 120, to which most of a breakdown
current tlows, 1s composed of monocrystalline silicon with
a low trap density. Even 11 a large quantity of charges pass
through the avalanche structure 120, charges are unlikely to
be trapped. Thus, generation of an afterpulse 1n the case of
operation in Geiger mode can be eflectively inhibited. An
afterpulse 1s the biggest factor in reducing an S/N ratio 1n
light detection using Geiger mode, and the embodiment of
the present disclosure allows 1nhibition of reduction in the
S/N ratio. According to the embodiment of the present
disclosure, a false signal can be beneficially reduced in
detection of light of a wavelength longer than that of visible
light.

(Modification)

FIG. 5 shows a device structure of a modification of the
photodetection element according to the second embodi-
ment of the present disclosure. A main difference between a
photodetection element 100C shown in FIG. 5 and the
photodetection element 100B described with reference to
FIG. 2 1s that the photodetection element 100C further
includes a third electrode 160 and a reset circuit 194. As
shown 1n FIG. 5, the third electrode 160 1s located on the
opposite side of the photoelectric conversion structure 110
from the avalanche structure 120. In this example, the third
clectrode 160 1s 1n direct contact with the photoelectric
conversion structure 110. Although the reset circuit 194 is
clectrically connected to the third electrode 160 here, the
reset circuit 194 may be electrically connected to the first
electrode 130B or the second electrode 140, as will be
described later. The reset circuit 194 can be a part of the
voltage supply circuit 190 described above.

As described above, during operation 1 Geiger mode, a
transition of the avalanche structure 120 from a metastable
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state to an avalanche breakdown state can occur even 1f the
number of holes or electrons which transier from the pho-
toelectric conversion structure 110 to the avalanche structure
120 1s one. For this reason, one of positive and negative
charges generated through photoelectric conversion may
transier to the avalanche structure 120, and the photodetec-
tion element 100C may be restored to a state standing by for
detection while the other remains inside the photoelectric
conversion structure 110. In other words, next detection may
be executed 1n a state in which the photoelectric conversion
structure 110 1s electrified. If the photoelectric conversion
structure 110 can be diselectrified, effects of electrification
on light detection can be avoided, which 1s beneficial.

The photoelectric conversion structure 110 can be dis-
clectrified by releasing a counter charge left in the photo-
clectric conversion structure 110 mto the outside or 1njecting
a charge opposite 1 sign to the counter charge into the
photoelectric conversion structure 110 to cause the charges
to recombine together. For example, assume that a negative
charge of positive and negative charges generated through
photoelectric conversion transfers to the avalanche structure
120 and that the positive charge remains as a counter charge
in the photoelectric conversion structure 110. In a case
where the polarity of charges left in the photoelectric con-
version structure 110 1s positive, 1I negative charges are
injected into the photoelectric conversion structure 110, and
a state 1n which the charges opposite 1n polarity to the
counter charges are 1njected in the photoelectric conversion
structure 110 1s maintained over a certain period, the charges
recombine together to diselectrily the photoelectric conver-
sion structure 110.

Such injection of charges into the photoelectric conver-
s1on structure 110 can be performed by adjusting a potential
difference between the photoelectric conversion structure
110 and a region which functions as a supplier of charges
opposite 1n polarity to counter charges iside the photoelec-
tric conversion structure 110. In the example shown 1n FIG.
5, since the reset circuit 194 1s connected to the photoelectric
conversion structure 110 via the third electrode 160, charges
opposite 1n polarity to counter charges can be supplied from
the reset circuit 194 to the photoelectric conversion structure
110 by adjusting a voltage to be applied from the reset circuit
194 to the third electrode 160. Reset operation of supplying
charges opposite 1n polarity to counter charges to the pho-
toelectric conversion structure 110 can be executed, for
example, with each photon detection, that 1s, each restora-
tion to the metastable state. The reset operation may be
executed before restoration to the metastable state or simul-
taneously with or before quenching.

FIG. 6 shows a device structure of another modification of
the photodetection element according to the second embodi-
ment of the present disclosure. A photodetection element
100D shown 1n FIG. 6 includes a third electrode 160 and a
reset circuit 194, like the photodetection element 100C
shown 1n FIG. 5. The photodetection element 100D 1s also
the same as the photodetection element 100C shown 1n FIG.
5 1n that the third electrode 160 1s located on the opposite
side of the photoelectric conversion structure 110 from the
avalanche structure 120. Note that, 1n this example, the first
clectrode 130B 1s thicker than the photoelectric conversion
structure 110 and that the photoelectric conversion structure
110 1s covered with a dielectric region 150. The dielectric
region 150 includes the dielectric region 150q that 1s located
between the first electrode 130B and the photoelectric
conversion structure 110 and a dielectric region 15056 which
1s located between the third electrode 160 and the photo-
clectric conversion structure 110.
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In the configuration illustrated 1n FIG. 6, the third elec-
trode 160 1s arranged on the dielectric region 150 and 1s not
in direct contact with the photoelectric conversion structure
110. Note that the dielectric region 1305 functions as a
capacitor at the time ol applying a reset voltage from the
reset circuit 194 to the third electrode 160. For this reason,
the application of the reset voltage to the third electrode 160
allows adjustment of a potential of the photoelectric con-
version structure 110 via the dielectric region 1506 as a
capacitor. In other words, a counter charge 1n the photoelec-
tric conversion structure 110 can be canceled out without
directly 1injecting a charge from the third electrode 160 into
the photoelectric conversion structure 110. As compared
with the configuration shown in FIG. §, the configuration
illustrated 1n FIG. 6 1s capable of inhibiting umintentional
injection of charges from the third electrode 160 into the
photoelectric conversion structure 110 and mhibiting gen-
cration of a false signal because there are no direct
exchanges of charges between the third electrode 160 and
the photoelectric conversion structure 110.

With the above-described configuration, for example, a
charge opposite 1 polarity to a counter charge in the
photoelectric conversion structure 110 can be supplied from
the avalanche structure 120 to the photoelectric conversion
structure 110. If a negative charge 1s desired to be njected
into the photoelectric conversion structure 110, a reset
voltage which makes the potential of the photoelectric
conversion structure 110 relatively higher than that on the
avalanche structure 120 side may be supplied from the reset
circuit 194. If a positive charge 1s desired to be 1njected into
the photoelectric conversion structure 110, a reset voltage
which makes the potential of the photoelectric conversion
structure 110 relatively lower than that on the avalanche
structure 120 side may be supplied from the reset circuit
194.

A reset voltage to be supplied from the reset circuit 194
to the third electrode 160 can be a voltage which makes a
potential of the third electrode 160 higher than that of the
first electrode 130B as a reference or a voltage which makes
the potential of the third electrode 160 lower than that of the
second electrode 140 as a reference. In reset operation, a
charge opposite 1n polarity to a counter charge 1s supplied
from the avalanche structure 120 to the photoelectric con-
version structure 110. Alternatively, a counter charge 1s
drawn from the photoelectric conversion structure 110 into
the avalanche structure 120. Since the avalanche structure
120 has a connection to the first electrode 130B and the
second electrode 140, a charge injected from the avalanche
structure 120 into the photoelectric conversion structure 110
may be a charge derived from an external power source
which 1s connected to the first electrode 130B or the second
clectrode 140.

The third electrode 160 1s typically a transparent electrode
which 1s formed from a TCO, such as ITO. A material for
forming the third electrode 160 1s not limited to a TCO, and
a metal film, such as an Au thin film, can be used as the third
clectrode 160 as long as necessary sensitivity can be
secured. Although the third electrode 160 covers a whole
upper surface of the photoelectric conversion structure 110
in this example, covering the whole upper surface of the
photoelectric conversion structure 110 1s not required.

As described above, the reset circuit 194 supplies a reset
voltage which diselectrifies the photoelectric conversion
structure 110 to the third electrode 160. Restoration to a
metastable state after a step of diselectrifying the photoelec-
tric conversion structure 110 allows detection of a next
photon 1n the same state as at the time of first photon
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detection. Note that the reset circuit 194 may be electrically
connected to the first electrode 130B or the second electrode

140. The reset circuit 194 may be configured to, for example,
apply a reset voltage which makes the potential of the first
clectrode 130B higher than that of the second electrode 140
as a reference to at least one of the first electrode 130B and
the second electrode 140. That 1s, reset operation may be
executed by applying a forward bias across the first elec-
trode 130B and the second electrode 140.

The reset circuit 194 1s not limited to a particular power
circuit, like the voltage supply circuit 190. The reset circuit
194 may be a part of the quenching circuit 192 or a separate
circuit independent of the voltage supply circuit 190. The
reset circuit 194 may perform potential operation that draws
a counter charge inside the photoelectric conversion struc-
ture 110 1nto the avalanche structure 120. The counter charge
drawn from the photoelectric conversion structure 110 can
be collected by the first electrode 130B or the second
clectrode 140.

It 1s obvious that the photodetection element according to
the second embodiment 1s operable not only 1n Geiger mode
but also 1n linear mode. The photoelectric conversion struc-
ture 110 can be diselectrified by using the above-described
reset operation 1n linear mode.

Third Embodiment

FIG. 7 shows an exemplary device structure of a photo-
detection element according to a third embodiment of the
present disclosure. Like the second embodiment, the pho-
todetection element according to the third embodiment also
has a configuration more beneficial to reduction in aiter-
pulse.

A main difference between a photodetection element
100E shown 1n FIG. 7 and the photodetection element 100B
described with reference to FIG. 2 1s that an avalanche
structure 120 of the photodetection element 100E includes a
heavily doped P-type region 123p, 1n which a recess 123 1s
tformed, istead of the heavily doped P-type region 122p and
that a photoelectric conversion structure 110 1s arranged on
a bottom of the recess 125. Note that although a surface of
the photoelectric conversion structure 110 1s exposed from a
dielectric region 150q in this example, the exposition of the
surface of the photoelectric conversion structure 110 from
the dielectric region 150a 1s not required. If a dielectric
region 1s composed of a material which can transmait light of
a wavelength targeted for detection, the surface of the
photoelectric conversion structure 110 may be covered with
the dielectric region.

In the configuration illustrated 1n FI1G. 7, the photoelectric
conversion structure 110 1s not located between a first
electrode 130B and a second electrode 140, like the second
embodiment. As schematically shown 1n FIG. 7, assume that
an arbitrary point P 1s set inside the avalanche structure 120.
In this case, a group of first straight lines which connect the
point P and a point Q located 1nside the first electrode 1308
and closest to the point P and a group of second straight lines
which connect the point P and a point R located inside the
second electrode 140 and closest to the point P can include
a straight line which crosses the photoelectric conversion
structure 110. A straight line L3 shown in FIG. 7 1s an
example of the straight line. At least a part of the dielectric
region 150q 1s located on a straight line which crosses the
photoelectric conversion structure 110 like the straight line
L3.

With the arrangement of the photoelectric conversion
structure 110 and the dielectric region 150a, even 1f the
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photoelectric conversion structure 110 1s located on a short-
est path connecting the avalanche structure 120 and the first
clectrode 130B or the second electrode 140, at least a part of
the dielectric region 150a 1s located on the path. For this
reason, transfer of a charge along the path can be prevented,
and crossing of the photoelectric conversion structure 110 by
a charge which triggers an electron avalanche or a charge
which 1s accelerated 1n accordance with an internal electric
field produced between the first electrode 130B and the
second electrode 140 as a result of application of a reverse
bias 1s avoided. That 1s, charges passing through the pho-
toelectric conversion structure 110 can be reduced, and the
probability of charges being trapped in the photoelectric
conversion structure 110 can be reduced. As a result, 1t 1s
possible to inhibit generation of an afterimage and an
alterpulse while achieving high sensitivity.

The recess 1235 1n the heavily doped P-type region 123p
can be formed by, for example, forming a lightly doped
region 124 and the heavily doped P-type region 123p
through epitaxial growth and then removing a part of a
surface of the heavily doped P-type region 123p through
ctching. Alternatively, the recess 125 can be formed by
forming 1n advance a mask pattern of a silicon oxide film or
the like on a silicon surface and selectively causing monoc-
rystals to grow 1n a portion exposed from the mask of the
s1licon surface.

(Modification)

In each of the embodiments of the present disclosure,
direct contact of the photoelectric conversion structure 110
with the avalanche structure 120 1s not required. The pho-
toelectric conversion structure 110 and the avalanche struc-
ture 120 only need to be arranged such that a charge
generated 1n the photoelectric conversion structure 110 can
transier to the avalanche structure 120. A layer having a
charge transport function or the like can be further arranged
between the photoelectric conversion structure 110 and the
avalanche structure 120.

FIG. 8 shows a device structure of a modification of the
photodetection element according to the third embodiment
of the present disclosure. A photodetection element 100F
shown 1n FIG. 8 includes a charge transport layer 112 which
1s arranged between the photoelectric conversion structure
110 and the avalanche structure 120. Here, the photoelectric
conversion structure 110 1s electrically connected to the
avalanche structure 120 via the charge transport layer 112.

The charge transport layer 112 allows at least one of
positive and negative charges generated through photoelec-
tric conversion in the photoelectric conversion structure 110
to pass through. The charge transport layer 112 1s a layer
which functions as a conduction pathway, through which a
charge generated 1nside the photoelectric conversion struc-
ture 110 transiers to the avalanche structure 120. A constitu-
ent material for the charge transport layer 112 may be either
a metal or a semiconductor. The semiconductor may be a
monocrystalline semiconductor or an organic semiconduc-
tor.

The charge transport layer 112 may be a transport layer
which selectively allows one of positive and negative
charges to pass through from the photoelectric conversion
structure 110 to the avalanche structure 120. For example, an
clectron transport layer which selectively allows an electron
to pass through toward the avalanche structure 120 may be
used as the charge transport layer 112. In thus case, the
clectron transport layer as the charge transport layer 112 may
have a function of a hole blocking layer which inhibits holes
from being injected from the avalanche structure 120 into
the photoelectric conversion structure 110. The charge trans-
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port layer 112 may be a hole transport layer which selec-
tively allows a hole to pass through toward the avalanche
structure 120. One of positive and negative charges can be
selectively transferred from the photoelectric conversion
structure 110 to the avalanche structure 120 by using an
clectron transport layer or a hole transport layer as the
charge transport layer 112.

Such an electron transport layer may be applied to the
configurations illustrated 1n FIGS. 1 and 2. For example, the
charge transport layer 112 may be further arranged between
the photoelectric conversion structure 110 and the avalanche
structure 120, like a photodetection element 100G shown 1n
FIG. 9 and a photodetection element 100H shown 1n FIG.
10. As with the configuration described with reference to
FIG. 2, the photoelectric conversion structure 110 of the
photodetection element 100H 1s arranged so as to be located
neither on a first straight line which connects an arbitrary
point P 1inside the avalanche structure 120 and a closest point
Q 1nside the first electrode 130B nor on a second straight line
which connects the point P and a closest point R inside the
second electrode 140. This allows reduction in the probabil-
ity of charges being trapped in the photoelectric conversion
structure 110 and more eflective inhibition of generation of
an afterpulse during operation 1n Geiger mode.

FIG. 11 shows a device structure of another modification
ol the photodetection element according to the third embodi-
ment of the present disclosure. A main difference between a
photodetection element 1001 shown in FIG. 11 and the
photodetection element 100E described with reference to
FIG. 7 1s that the photodetection element 1001 includes a
first charge transport layer 112¢ and a third electrode 160
and further includes a second charge transport layer 112/
which 1s sandwiched between the third electrode 160 and the
photoelectric conversion structure 110. As shown 1n FIG. 11,
the third electrode 160 1s connected to a reset circuit 194.

The first charge transport layer 112¢ that 1s located
between the photoelectric conversion structure 110 and the
avalanche structure 120 can be an electron transport layer
which selectively allows an electron to pass through from
the photoelectric conversion structure 110 to the avalanche
structure 120. In this case, the second charge transport layer
112/ that 1s located between the photoelectric conversion
structure 110 and the third electrode 160 can be a hole
transport layer which selectively allows a hole to pass
through from the photoelectric conversion structure 110 to
the third electrode 160. With the above-described configu-
ration, one of positive and negative charges generated 1n the
photoelectric conversion structure 110 can be selectively
transierred from the photoelectric conversion structure 110
to the avalanche structure 120. In the example, an electron
can be selectively transferred from the photoelectric con-
version structure 110 to the avalanche structure 120.

As will be described later, 1n the configuration 1llustrated
in FIG. 11, the reset circuit 194 1s configured to apply a fixed
voltage to the third electrode 160 when the photodetection
clement 1001 1s 1n operation. Application of, for example, a
fixed negative voltage from the reset circuit 194 to the third
clectrode 160 allows the other of positive and negative
charges generated 1n the photoelectric conversion structure
110, that 1s, a hole here to be released from the photoelectric
conversion structure 110 into the third electrode 160. Thus,
the configuration 1llustrated 1n FIG. 11 can prevent a counter
charge from remaining 1n the photoelectric conversion struc-
ture 110 and can omuit the above-described reset operation.

Note that the example shown 1n FIG. 11 has a configu-
ration 1n which a negative one of positive and negative
charges generated 1n the photoelectric conversion structure
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110 can be selectively transferred from the photoelectric
conversion structure 110 to the avalanche structure 120. If a
hole transport layer 1s used as the first charge transport layer
112¢, and an electron transport layer 1s used as the second
charge transport layer 112/, a positive one of positive and
negative charges generated in the photoelectric conversion
structure 110 can be selectively transferred from the photo-
clectric conversion structure 110 to the avalanche structure
120.

Here, an electron transport layer i1s a layer which has the
property of allowing electron transier from the photoelectric
conversion structure 110 to a region connected to the pho-
toelectric conversion structure 110 via the electron transport
layer but blocking passage of a hole or significantly reducing
the probability of hole transfer. A material for forming a
common hole blocking layer can be used as a material for
the first charge transport layer 112¢ as an electron transport
layer. An example of the matenial 1s C,,. The first charge
transport layer 112¢ can be caused to function as an electron
transport layer by forming the first charge transport layer
112¢ using a material deeper in HOMO level and LUMO
level than a first maternial contained in the photoelectric
conversion structure 110.

Meanwhile, a hole transport layer 1s a layer which has the
property of allowing hole transfer from the photoelectric
conversion structure 110 to a region connected to the pho-
toelectric conversion structure 110 via the hole transport
layer but blocking passage of an electron or significantly
reducing the probability of electron transfer. A material for
forming a common electron blocking layer can be used as a
material for the second charge transport layer 112/ as a hole
transport layer. An example of the matenial 1s TFB. The
second charge transport layer 112/ can be caused to function
as a hole transport layer by forming the second charge
transport layer 112/ using a material shallower in HOMO
level and LUMO level than the first material contained 1n the
photoelectric conversion structure 110.

(Operation by Photodetection Element 1001)

Like the second embodiment, the photodetection element
according to the third embodiment 1s operable 1n either
linear mode or Geiger mode and 1s particularly beneficial to
inhibition of an afterpulse during operation i Geiger mode.
An overview of operation in Geiger mode by the photode-
tection element 1001 shown in FIG. 11 will be described
below.

(Step 1)

For example, a voltage supply circuit 190 1s connected
between the first electrode 130B and the second electrode
140 to apply a reverse bias above a breakdown voltage Vbr
to the avalanche structure 120. At this time, the voltage
application 1s gradually performed, which puts the ava-
lanche structure 120 1nto a metastable state.

(Step 2)

When light of a wavelength, for which the first material
exhibits absorption, enters the photoelectric conversion
structure 110, for example, a hole-electron pair 1s generated
inside the photoelectric conversion structure 110 through
photoelectric conversion. Here, the first charge transport
layer 112¢ 1nhibits entry of the hole of the hole and electron
into the avalanche structure 120 and allows the electron to
pass through. Thus, the electron of the hole and electron
transiers selectively to the avalanche structure 120, and the
clectron after the transfer to the avalanche structure 120 acts
as a trigger for a transition from the metastable state to an
avalanche breakdown state. In contrast, the second charge
transport layer 112/ allows the hole to pass through while
inhibiting entry of the electron 1nto the third electrode 160.
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While 1n operation, the reset circuit 194 applies a reset
voltage which makes a potential of the third electrode 160

lower than that of the photoelectric conversion structure 110
to the third electrode 160. The third electrode 160 can collect
a hole of the hole and an electron using the third electrode
160 by making the third electrode 160 lower 1n potential
than the photoelectric conversion structure 110. In other
words, a hole as a counter charge can be prevented from
remaining in the photoelectric conversion structure 110, and
clectrification of the photoelectric conversion structure 110
can be avoided.

(Step 3)

Light incidence can be detected by detecting output of a
macroscopic current pulse due to the transition from the
metastable state to the avalanche breakdown state by, for
example, a quenching circuit 192.

(Step 4)

After the detection of the current pulse, the quenching
circuit 192 reduces a potential difference between the first
clectrode 130B and the second electrode 140 to a magnitude,
at which a breakdown current does not flow. With the
quenching, the photodetection element 1001 1s restored to a
state standing by for detection. As described above, the
configuration illustrated 1n FIG. 11 can prevent a counter
charge from remaining in the photoelectric conversion struc-
ture 110 without separately providing a reset step.

As has been described above, according to the embodi-
ment of the present disclosure, a photodetection element
which utilizes an avalanche eflect and has reduced effects of
an alterimage and an aiterpulse while achieving high sen-
sitivity 1s provided. The embodiment of the present disclo-
sure 1s not limited to the above-described examples and may
be variously altered. As shown 1n FIG. 12, a configuration,
obtained by arranging the first charge transport layer 112e
and the second charge transport layer 112/ on the avalanche
structure 120 side and on the third electrode 160 side,
respectively, of the photoelectric conversion structure 110
with the configuration described with reference to FIG. 5, 1s
also possible. With the above-described configuration, elec-
trification of the photoelectric conversion structure 110 can
be avoided without separately providing a reset step, like the
configuration described with reference to FIG. 11.

Fourth Embodiment

FIG. 15 shows an exemplary device structure of a pho-
todetection element according to a fourth embodiment of the
present disclosure. In the present embodiment, photodetec-
tion elements according to the present disclosure are inte-
grated to constitute an 1mage sensor 1500. The image sensor
1500 according to the present embodiment includes a plu-
rality of pixels 1530. Each pixel 1530 includes a photoelec-
tric conversion structure 1501, and a heavily doped P-type
region 1502p and a heavily doped N-type region 1503z
which are formed 1n a low-concentration region 1506. The
heavily doped P-type region 1502p, the low-concentration
region 1506, and the heavily doped N-type region 15037
constitute an avalanche structure 1520. Each pixel 1530
includes charge transport pathways 1504 and 1505 for
transporting electrons collected 1n the heavily doped N-type
region 15037 to a charge storer 1509. The pixel 1530 also
includes a transparent electrode 1507 for collecting holes
collected 1n the heavily doped P-type region 1502p. The
transparent electrode 1507 and the photoelectric conversion
structure 1501 are separated by a dielectric region 1508. The
charge transport pathways 1505 of the pixels 1530 are
insulated from one another by an insulating layer 1510.
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Each pixel 1530 included in the present image sensor
1500 functions in the same manner as in the photodetection
clement shown 1n FIG. 2. Each pixel has the separate charge
storer 1509 1n a semiconductor substrate 1511. Image pickup
can be performed by measuring charges stored in the charge
storers 1509.

A method for drniving each pixel 1530 1s basically the
same as 1n the case of an independent photodetection
clement, and a description thereof will be omitted.

In each of the embodiments according to the present
disclosure, the avalanche structure 120 includes a monoc-
rystalline silicon layer which causes avalanche multiplica-
tion. According to the embodiments of the present disclo-
sure, for example, the avalanche structure 120 can be formed
from a monocrystalline silicon substrate. It 1s thus relatively
casy to integrate a control circuit including many transistors,
a signal processing circuit, and the like on a monocrystalline
silicon substrate which constitutes a whole or a part of the
avalanche structure 120 by using a known semiconductor
process. For example, 1t 1s also possible to form a quenching,
circuit on a monocrystalline silicon substrate constituting a
whole or a part of the avalanche structure 120. Since
high-speed complicated operation 1s required from the
quenching circuit, 1t 1s beneficial to form a transistor
included 1n the quenching circuit on the same monocrystal-
line silicon substrate constituting the whole or a part of the
avalanche structure 120.

What 1s claimed 1s:

1. A photodetection element comprising:

a first electrode;

a second electrode;

a photoelectric conversion structure that contains a first
material, the first maternial generating positive and
negative charges by absorbing a photon; and

an avalanche structure that includes a monocrystalline
silicon layer, 1n which avalanche multiplication occurs
as a result of 1njection of at least one selected from the
group consisting of the positive and negative charges
from the photoelectric conversion structure, wherein

the first material includes at least one selected from the
group consisting of an organic semiconductor, a semi-
conductor-type carbon nanotube, and a semiconductor
quantum dot,
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the avalanche structure includes
a first region of a first conductivity type,

a second region of a second conductivity type,

the first electrode 1s 1n contact with the first region of the
avalanche structure, and

the second electrode 1s 1n contact with the second region
of the avalanche structure.

2. The photodetection element according to claim 1,

further comprising:

a third electrode that 1s located on an opposite side of the
photoelectric conversion structure from the avalanche
structure.

3. The photodetection element according to claim 2,

turther comprising;:

a first charge transport layer that 1s arranged between the
photoelectric conversion structure and the avalanche
structure and selectively allows one of the positive and
negative charges generated in the photoelectric conver-
sion structure to pass through; and

a second charge transport layer that 1s located between the
photoelectric conversion structure and the third elec-
trode and selectively allows the other of the positive
and negative charges generated in the photoelectric
conversion structure to pass through.

4. The photodetection element according to claim 1,

wherein

an absorption edge of the first material 1s located on a side
longer 1 wavelength than an absorption edge of
monocrystalline silicon.

5. The photodetection element according to claim 1,

wherein

the photoelectric conversion structure further contains a
second material deeper 1n lowest unoccupied molecular
orbital level than the first material or a third material
shallower 1n highest occupied molecular orbital level
than the first material.

6. A photodetection element array comprising:

a plurality of pixels, wherein

cach of the pixels includes the photodetection element
according to claim 1.

7. The photodetection element array according to claim 6,

wherein
cach of the pixels includes a charge storage, and
an 1mage 1s formed by reading out charges stored 1n the
charge storage from each of the pixels.
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